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Abstract 
The MSc thesis concerns the study of the aerodynamics of a horizontal axis wind 
turbine. 
Nowadays the design of wind turbines is based on design codes that originate from 
the Blade Element Momentum Theory (BEMT). This design tools use also 
correction models which are trying to correct the shortcomings of the above 
theory. The significant increase of the size of wind turbines stimulates the 
importance of accurate design.  
Aim of this study is to model and investigate the physical characteristics of the 
flow field around a wind turbine. In order to achieve that Computational Fluid 
Dynamics (CFD) design tools are used.  
First, a two-dimensional approach was executed using CFD-Reynolds Average 
Navier-Stokes (CFD-RANS) calculations for NACA4415 airfoil in order to validate 
the capability of the selected turbulence models, k-ω SST and RSM. The results 
were compared with experimental data taken from literature as well as with those 
produced by the airfoil design and analysis tool XFOIL. All CFD calculations were 
executed using the commercial package ANSYS CFX. Following the two-
dimensional approach, a design of a blade based on BEMT was performed. The 
airfoil NACA4415 that was examined in the two-dimensional approach was used 
for the design of the blade and the open source turbine calculation tool QBLADE 
was selected for this purpose. 
The three-dimensional approach in CFD was carried out using a moving reference 
frame. The calculations were performed for six degrees angle of attack, since for 
this angle the selected airfoil displayed the highest lift to drag ratio. The rotational 
effects on the blade were studied using four cross sections along the blade and 
studying the pressure and velocity distribution. The k-ω SST turbulence model 
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presented the better performance. Finally the performance of the wind turbine 
was investigated and a comparison with the results of the BEMT design and 
analysis tool was made.  
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1. Introduction 
In order for the exploitation of wind energy to be economically feasible the 
performance of wind turbines must be maximized. The main reason for that is the fact 
that wind energy is a source of power with low density. To achieve this, the analysis of 
aerodynamics of the wind turbine plays an important role.  
There are three approaches to investigate the aerodynamics of a wind turbine: 
1. Wind tunnel or field testing provides the most reliable results. Their 
implementation is complex and expensive.  
2. Analytical models are connected with simplifying assumptions and 
consequently are not reliable in all conditions.  
3. CFD are probably the best alternative to wind tunnel or field testing (1). 
The aim of this study is to investigate the aerodynamics of Horizontal Axis Wind 
Turbine (HAWT) using Navier-Stokes equations. The thorough understanding of the 
flow field around a wind turbine will improve the performance of analytical tools 
concerning the prediction of power performance. The investigation of wind turbine 
aerodynamics deals with different aspects like:  
• The wind turbines operate near the ground where the aerodynamic conditions 
are unsteady. 
• Contrary to other aerodynamic devices, wind turbines operate near stall, a 
situation when the air flow stops sticking to the surface of the airfoil but whirls 
around it in an irregular vortex. The investigation of unsteady stall conditions is 
necessary. 
The flow around a rotating blade is affected by rotational forces. Coriolis and 
centrifugal forces are rotational forces that influence the boundary layer and delay the 
development of stall effect. The delay of stall that appears to a rotating blade results 
to higher lift when compared with a two-dimensional approach. Analytical methods 
1. Introduction 
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which have been applied during the last decades have certain drawbacks which could 
be surpassed with the investigation of the flow field around the blade. 
An overview of the thesis is useful in order to understand the specific issues that this 
study deals with.  
In Chapter 2, a comprehensive review of the literature is presented. Basic definitions 
that will be used in the later chapters are presented and the basic aerodynamics 
models are analyzed. Also, an analytical investigation of the boundary layer theory is 
presented in order to understand the behavior of the flow around an airfoil. Finally, a 
review of different studies concerning the implementation of CFD in the investigation 
of the flow field around a wind turbine blade is presented.  
In Chapter 3, a two-dimensional (2D) investigation for the selected airfoil is presented. 
Two turbulence models are selected based on the review of the CFD studies presented 
in the previous chapter. The equations on which the two turbulence models are 
structured are introduced. The results of CFD calculations are validated with 
experimental data taken from literature. A comparison with the results of the 
analytical tool XFOIL is presented, providing interesting conclusions about the three 
different approaches of the investigation of the flow field around an airfoil. Pressure 
and velocity distribution are presented for different angles of attack giving useful 
information about the parameters which influence the flow field around an airfoil, 
such as the type of the boundary layer produced along the blade surface and 
separation phenomena. 
In Chapter 4, a three-dimensional (3D) model of a wind turbine blade based on the 
BEMT is presented. The equations that have to do with the BEMT are illustrated and 
details about the coordinates of the 3D blade design are presented. 
In Chapter 5, 3D CFD calculations are presented in order to analyze the effects of 
rotation on the flow field around the blade. First a detail literature review of the 
rotational effects on the boundary layer of a blade is presented. A brief analysis of the 
rotating reference frame used for the CFD investigation is presented and results in four 
sections along the blade length are presented. Pressure and velocity distributions in 
1. Introduction 
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the four sections are illustrated and a comparison of pressure coefficient between the 
3D calculations and those presented in 2D results and analytical tool are examined. 
Finally the extracted wind power calculated with the CFD tool for the specific working 
conditions of the blade is compared with the power curve produced with the BEMT 
and the results are discussed.  
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2. Literature review 
2.1. Energy demand and wind power 
The primary source of energy is fossil fuels, a source that is limited thus presenting 
volatility in availability and price. The increased demand of the world for energy has 
led to a world supply of energy from 6,111Mtoe in 1973 to 12,150Mtoe in 2009 as 
presented in Figure 2.1 (2). 
 
Figure2.1: World energy supply from 1973 to 2009 
Although nuclear energy could cover a large portion of this demand there is a strong 
political and social opposition to its use in many parts of the world. For the above 
reasons, renewable energy will contribute more in the future to the world’s energy 
needs. Global wind power capacity is increasing and from 16,5GW in 2001 has reached 
121GW in 2008 producing more than 260 terawatt hours of electricity (3).Wind energy 
like other sources of energy has its advantages and disadvantages. The advantages of 
wind energy are that is sustainable and it is found everywhere while its disadvantages 
are low density and variability. A social problem concerning wind farms installation is 
visual pollution that directs companies’ efforts to installation of wind farms offshore 
where wind potential is greater than onshore. The International Energy Agency (IEA) 
2. Literature review 
6 
  
has introduced the BLUE Map scenario which has estimated the cost effective actions 
for reducing Greenhouse Gas (GHG) emissions by half in 2050 and concluded that wind 
energy could contribute with 12% of the necessary reductions from the power sector 
as presented in Figure 2.2.  
 
Figure 2.2: Shares in power sector CO2 emissions reductions in the BLUE Map scenario 
by 2050 (3) 
2.2. Wind turbine blade design parameters 
Wind turbines are lift devices and like most of them they use airfoils in order to 
increase lift and operate more efficiently in terms of aerodynamics. Figure 2.3 
illustrates the basic airfoil geometric parameters.  
 
Figure 2.3: Basic airfoil geometric parameters (4) 
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When the camber line is straight we refer to it as a symmetric airfoil, otherwise the 
airfoil is called cambered. Camber is usually positive creating different pressure values 
between the upper and the lower surface of an airfoil due to different airspeed 
between the two surfaces. The pressure difference between the two surfaces 
increases with the angle of attack α. The angle of attack is determined by the incident 
velocity in the airfoil and is illustrated in Figure 2.4a. Figure 2.4 illustrates all velocities 
and angles acting on a rotating airfoil. The axial flow induction factor α, appearing in 
the expression of the wind speed U∞ is the ratio of wind speed reduction when air 
passes through the wind turbine rotor. The tangential flow induction factor α’ is the 
ratio of the average rotational flow over the blade to the blade rotating speed. From 
the tangential and the wind speed experienced by a blade section at distance r from 
the rotor axis, the relative velocity W on a rotating airfoil can be calculated.  
 
Figure 2.4: Airfoil velocities and forces. (4) 
The forces acting on an airfoil are the lift force L and the drag force D. The drag force 
acts parallel to the direction of W and the lift force normal to W.  
Another important design parameter of a wind turbine blade is the twist angle and the 
chord length from the tip to the root of the blade. In a rotating blade the tip 
experiences higher relative velocities than the root because the rotating speed is 
increasing from root to tip. Higher velocity means higher lift and drag from root to tip. 
So, blade twist ensures an even distribution of lift and drag along the blade. Also, 
tapering the blade contributes to an even lift distribution. The reduced chord length 
from root to tip contributes to lower starting torques and reduced noise. A typical 
twist and taper of a wind turbine blade is illustrated in Figure 2.5.  
2. Literature review 
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Figure 2.5: Typical twist and taper along a blade (4) 
Wind turbines are classified according to the orientation of the rotating axis with 
respect to the ground. In horizontal axis wind turbines (HAWT) the axis of the rotor is 
horizontal to the ground and in vertical axis wind turbines (VAWT) their axis is 
perpendicular as presented in Figure 2.6. Each type has its advantages and 
disadvantages.  
 
Figure 2.6: Horizontal and vertical axis wind turbine (4) 
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Although VAWTs have their advantages like independence from wind direction and the 
low noise levels, they have certain drawbacks like the fact that they must be installed 
close to the ground. The problem with installations close to the ground is that wind 
distribution is uneven because of boundary layer resulting to lower efficiencies. Also, 
in small heights the wind is weaker influencing directly the efficiency of VAWTs. On the 
other hand, HAWTs have the possibility to work in heights where wind speed is higher 
influencing directly the power density and consequently the extracted power by the 
wind turbine. Of course there are certain installation problems because of their large 
blades and towers and also maintenance problems because the generator isn’t close to 
the ground.  
Historically it is proved that HAWTs have illustrated better performance in the 
exploitation of wind (4). Different concepts were investigated introducing control and 
power regulation of a wind turbine. Pitching mechanism gives the ability to control the 
angle of the blade β (Figure 2.4), protecting the blade when tip speed ratios are above 
the designed values. Except from power regulation a large positive pitch angle results 
to high starting torque as a rotor begins to operate. At 90
o
 of positive pitch the idle 
speed is minimized facilitating the operation of the parking brake. Another possibility 
of active pitch control is the adjustments of pitch angle in order to maintain constant 
rated power with increasing wind speed. So, the flow around the blades remains 
attached and load on the blades can be accurately predicted.  
The selection of the airfoil that will be used for the design of the blade plays an 
important role to the performance of a wind turbine (5; 6). The efficiency is increased 
greatly until lift/drag ratio increases up to 30 and after that the pattern is reversed. 
Also, the airfoil geometry affects the tip speed ratio. A type NACA4415 airfoil is 
selected because of its excellent properties and high average power coefficients as a 
typical wind turbine airfoil (7). Airfoil NACA4415 belongs to the NACA-four digits 
family. The NACA airfoils are categorized into families according to specific 
characteristics like basic thickness distribution, position, amount and type of camber. 
This family of airfoils has the same basic thickness distribution, and different amount 
and type of camber (8). The numbering of this airfoil family explains its geometry. The 
first digit means that the maximum value of the mean-line ordinate yc in percent of the 
2. Literature review 
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chord (Figure 2.3). The second number indicates the distance from the leading edge to 
the location of the maximum camber in tenths of the chord and the last two numbers 
the thickness of the airfoil as a percent of the chord. So, the selected airfoil of our 
study NACA4415 has a 4 percent camber at 0,4 of the chord from the leading edge and 
is 15% thick. As presented in the literature (9) the lift force of an airfoil section is 
increased as the aspect ratio of an airfoil is increasing. NACA4415 has a large aspect 
ratio which is defined as the ratio of the span squared to the wing area. In reference 
(9) an experimental study is presented for the selected airfoil type which presents the 
performance of a wind turbine after 6 years of measurements.  
2.3. Basic definitions 
The performance of wind turbines is described using some basic parameters. Tip speed 
ration λ represents the ratio of rotational to free stream velocity and is expressed by 
the following equation: 
 = 							         (2.1) 
where:  Ω is angular velocity 
  R is the radius of the blade 
  U∞ is the free stream velocity 
Typical values of modern wind turbines are in the range of 6 to 8. Often local tip speed 
ratio is used and represents the same as the above for a specific distance r from the 
rotor.  
Solidity σ is defined as the ratio of blade area to rotor swept area. Likewise chord 
solidity σr is defined as follows: 
	 = 
					          (2.2) 
where:  N is the number of blades 
  c is chord length 
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  r is a certain radius 
Thrust coefficient is the non-dimensional expression of the force created on the rotor 
by the pressure drop and can be defined as follows:  
 = 	 	         (2.3) 
where:  ρ is air density 
  Ad is rotor swept area 
The power coefficient which describes the ratio of wind power extracted by the 
turbine can be defined by the following equation: 
 = 	 		         (2.4) 
The denominator represents the available energy of the wind.  
Lift and drag coefficient describe the characteristic of an airfoil and are defined as 
follows: 
 =  			         (2.5) 
 =  		         (2.6) 
Lift and drag coefficients depend on the Reynolds number, Mach number and angle of 
attack.  
2.4. Wind turbine performance 
There are three main indicators for the performance of a wind turbine. The power 
which represents the amount of wind energy captured by the wind turbine rotor, the 
torque which influences the size of the gearbox and generator selected and the thrust 
which determines the structural design. Using non-dimensional parameters someone 
can evaluate the performance of the wind turbine regardless of their working 
2. Literature review 
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conditions. The non-dimensional performance of the wind turbine will depend on tip 
speed ratio and pitch setting (4).  
2.4.1. Cp-λ performance curve 
The usual way to present the performance of a wind turbine is the Cp-λ curve which 
uses two non-dimensional parameters. In Figure 2.6 a representative Cp-λ curve for a 
wind turbine with three blades is presented. An interesting point is that the value of Cp 
does not exceed the Betz limit which is 0.47. This value appears for a tip speed ratio of 
7. The Betz limit appears not because of any design problem but because upstream of 
the disc the flow expands so that the area where the velocity is equal to the free 
stream velocity is smaller than the area of the disc. According to the actuator disc 
theory the power coefficient is expressed by the following equation: 
 = 4 1 " #         (2.7) 
The maximum value of Cp occurs if  
$%&$' = 4 1 " # 1 " 3# = 0       (2.8) 
Which results to a value α=1/3. So, Cp from equation 2.7 is: 
 = *+, = 0,593         (2.9) 
 
Figure 2.6: Performance curve of a three-blade wind turbine (4) 
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An important parameter of the performance of a wind turbine is its solidity. Solidity is 
the ratio of total blade area to swept area. Higher values of solidity mean that the 
maximum value of Cp will be high but only for a short range of tip speed ratio values. 
That means that the curve will be steep. In case of low values of solidity the curve will 
be flat meaning that the performance curve will be flat and the value of Cp won’t be 
influenced greatly for different tip speed ratio. Optimum solidity appears for a wind 
turbine with three blades (4).  
2.4.2. CQ-λ performance curve 
The torque coefficient is computed if the power coefficient is divided by the tip speed 
ratio. It doesn’t give information about the performance of a wind turbine but its 
primary purpose is to assess the required torque for sizing the gearbox and generator.  
 
Figure 2.7: Effect of solidity on torque (4) 
In Figure 2.7 it is evident that the torque increases with the increase in solidity. This 
was a major problem for the multi blade turbines first designed for irrigation. The peak 
of the torque coefficient moves towards lower tip speed ratio with the increase of 
solidity. 
2. Literature review 
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2.4.3. CT-λ performance curve 
The thrust force is used in order to calculate the structural forces applied on the wind 
turbine because of its operation. The thrust force increases with increasing solidity as 
presented in Figure 2.8.  
 
Figure 2.8: The effect of solidity on thrust (4) 
2.5. A brief review of aerodynamic models 
The major development of wind turbines has created the need for advanced design 
tools. The most important aerodynamic models for the analysis and design of wind 
turbines are the following: 
• Actuator disc method 
• Lifting line, panel and vortex method 
• Blade element momentum method 
• Navier-Stokes solvers (1) 
2.5.1. Actuator disc method 
The actuator disc method is probably the first aerodynamic model for the evaluation of 
a rotor’s performance. The actuator disc method is a one dimensional approach and is 
established on the following assumptions: 
2. Literature review 
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• The disc that represents the rotor is so thin that the fluid is passing through it 
with no resistance, 
• Thrust and velocity is uniform, 
• Inviscid, incompressible flow. 
 
Figure 1.9: Actuator disc extracting energy (4) 
Upstream of the disc the cross sectional area is smaller than downstream, as 
presented in Figure 2.9. This appears because the mass flow rate is constant before 
and after the actuator disc. The actuator disc method applies the mass conservation 
equation along the stream tube and Bernoulli’s equation for valid regions. That is the 
flow field far away from the actuator disc in the upstream and in the wake.  
The mass flow rate equation applied is expressed by the following equation 
01232 = 01$3$ = 013        (1.10) 
3$ = 32 1 " #         (1.11) 
The induced flow at the disc is -αU∞. 
The air that passes through the disc has a change of momentum that is expressed by 
the following equation: 
4567	89	:;5<=7	89	>8>7<6?> =  32 " 3#01$3$    (2.12) 
If Bernoulli’s equation which states that the sum of kinetic, static pressure and 
gravitational energy of a fluid which provides no work is constant is applied: 
2. Literature review 
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*
03 + A + 0=; = :8<B65<6        
separately upstream and downstream of the disc we come to the following equation: 
3 =  1 " 25#32         (2.13) 
The basic drawback of this method is that viscous effects are neglected. Though, there 
are attempts to implement viscous effects by viscous-inviscid interaction techniques 
they are still not in a mature state in order to become engineering tools.  
2.5.2. Lifting line, panel and vortex methods 
In vortex methods lifting lines or surfaces are used to represent rotor blades, trailing 
and shedding vorticity. Vortex strength depends on the bound circulation that is 
created by the amount of lift which is developed by the flow past a blade. Trailing 
wake is created by the variation of bound circulation on the span wise direction and 
shed wake by a variation that is temporal (10). Since the vortices are known, the 
induced velocity is calculated using the Biot-Savart law: 
D E# = " *F G HIJIKLMK|IJIK| OP        (2.14) 
Where: 
w(x) is the induced velocity 
x is the point where the potential is computed 
x’ point of integration where vorticity is non-zero, designated V 
The relationship between bound circulation Γ and lift is described by the following 
equation: 
Q = 0P	RΓ = *0P	R :R => Γ = *0P	R:R      (2.15) 
Simple models using vortex theory can calculate flow fields created by wind turbine 
rotors.  
Based on the panel methods that apply Laplace’s equation on a surface without the 
assumptions of thin airfoil theory, the flow which is assumed to be inviscid and 
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incompressible can be calculated by the implementation of sources σ and dipoles μ as 
illustrated in Figure 2.10 (10). The background for the panel method is Green’s 
theorem which is expressed by the following equation: 
P E; 6# = PV + WX E; 6#: X E; 6# = "G Z [K \#F|IJIK|" ]K \#^K.	F|IJIK|` Oabc   (2.16) 
Where: 
Vo is a given flow field changing in time and space 
φ is the perturbation scalar potential 
S is the active boundary of the flow and consists of the solid boundaries SB and the 
wake surfaces Sw  
μ,σ are the jumps of φ and its normal derivatives across S. 
 
Figure 2.10: Notations for the potential flow around a wing (10) 
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Figure 2.11: The lifting-line model (10) 
Regarding lifting –line theory which concerns a lifting body with large aspect ratio and 
thickness, bound vorticity is the only unknown since trailing vorticity is given. The 
lifting-line model is presented in Figure 2.11.  
Lifting-surface theory, as presented in Figure 2.12, was introduced based on the 
assumption that bound vorticity was placed along the c/4 line and the non-penetration 
condition was applied along 3c/4. The model introduced based on this theory is the 
vortex-lattice model (10).  
 
Figure 2.12: The lifting-surface model (10) 
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In general, the two models give similar results. Deviations between the two models 
appear with the increase of the angle of attack. Both models approximate the flow 
geometry, so only at a certain distance from the solid boundary the flow could be 
logical. For the above reason corrections on viscous flow cannot be applied.  
2.5.3. Blade element momentum method 
Blade element momentum method combines two methods for the examination of 
wind turbine performance. The first is a balance of momentum on rotating annuli. The 
second is to calculate the forces provided by the lift and drag coefficients on various 
sections along the blade. The equations derived from the combinations of the above 
methods are solved iteratively. The basic assumptions of the method are that the 
aerodynamic behavior of a blade element doesn’t interact with the other and that the 
loads on the blade elements can be computed by lift and drag coefficients. Lift and 
drag coefficients are available from wind tunnel measurements and corrected for 3D 
effects. The equations which describe the BEM will be analyzed in the next chapters. In 
order to get more accurate results, corrections mentioned below can be applied.  
Prandtl’s tip and root loss factor which corrects the assumption of the infinite number 
of blades. Prandtl’s model use parallel disks with a distance equal to the distance of tip 
vortices in the slipstream boundary. The model is presented in the following figure. 
 
Figure 2.13: Prandtl’s solid disk model (11) 
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The reduction factor f is used because only a part of the flow between the disks takes 
the effect of the motion of them. So the induction factor will be αf. The reduction 
factor is presented in the following equation: 
9	 =  5d: cos h7ij kil# m        (2.17) 
Where R is the blade radius, r is the radial position and d is the space between the 
disks. Another expression of the correction factor is presented in the equation below: 
9 n# =  cos o7ZH
 p L *J]# ]⁄ `r*s t]#  *J'#⁄ u     (2.18) 
Where N is the number of blades and μ=r/R is the non-dimensional radial position. 
Concerning the root of the blade, the circulation must be zero as at the blade tip. The 
correction factor for the root region can be expressed by the following equation: 
9 n# =  cos o7J
  ]J]k ]⁄ #⁄ r*s t]#  *J'#⁄ u     (2.19) 
where μR is the normalized root radius. 
Prandtl’s correction factor takes values between zero at the tip to one at the root of 
the blade.  
Glauert’s correction is an empirical correction of the relation between the thrust 
coefficient and the axial induction factor. The equations that govern Glauert’s 
correction are the following: 
v = *Fcw^x  [%y#s*⁄          (2.20) 
vb = *F z{|x }~zx  [%#J*⁄         (2.21) 
Where αΒ and αΒ’ are the axial and tangential induced velocity interference factors at 
blade section. The coefficients Cn and Ct are related with the lift and drag coefficients 
by the above equations: 
^ = R cosX + $ sin X        (2.22) 
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\ = R sin X " $ cosX        (2.23) 
However, it can be used for low values of tip speed ratio (12).  
The correction model introduced by Shen (13) incorporates new factors for tip loss 
correction. The correction factor F1 is expressed by the following equation: 
* =  cosJ* o7EA Z"= 
 J	#	 z{|x`u       (2.24) 
The F1 function gives the load near the tip. 
In this new model the interference factors are expressed as following: 
v = sJF *J#s	 *s#         (2.25) 
vb = * *J'#  *J'#J*⁄          (2.26) 
Where F is the function of Glauert and Y1, Y2 are expressed by the equations above: 
* = 4B<X  ^*#⁄         (2.27) 
 = 4 sinX cosX  \*#⁄        (2.28) 
There are different studies illustrating the performance of BEM theory for the design 
and evaluation of a wind turbine (14; 15). An interesting study is presented in 
reference (14) where blade element momentum theory was used for the design of the 
blade of a 5kW wind turbine. The selected airfoils were NACA family and blade was 
designed using one type of airfoil for the whole blade. The blade was divided into ten 
parts and chord, thickness and twist angle was calculated. Chord length and thickness 
were reduced from root to tip and increased with the increase in tip speed ratio. The 
same pattern appeared for the twist angle distribution. Power coefficient was 
calculated indicating that there is a maximum value for specific tip speed ratio and for 
a section near the middle of the blade length indicating that this part of the blade 
contributes more to the power extracted from the wind. The design of the blade for 
the specific study was done by a computer program because successive calculations 
were needed to succeed optimum blade design. Another study which optimizes the 
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performance of wind turbine by increasing power coefficient is presented in reference 
(15). In this study the improvement in power coefficient is achieved using an iterative 
procedure based on the BEM theory that calculates the optimum twist and chord 
distribution taking into account the variation of lift and drag coefficients in different 
sections along the blade with angle of attack.  
In this study the open source turbine calculation software named Qblade, developed 
by the Berlin Technical University Department of Experimental Fluid Mechanics will be 
used. The software integrates XFOIL, an airfoil design and analysis tool, in order to 
design known airfoils, compute selected airfoils’ polars and extrapolate these data by 
the 360
o
 sub-module. Qblade was validated showing good agreement with 
experimental results from the National Renewable Energy Laboratory (NREL) wind 
turbine testing and compared with the WT_Perf code of NREL. The results are 
illustrated in the figure below. 
 
Figure 2.14: Validation of Qblade 
In order to better understand the Navier-Stokes solvers a careful review of the 
boundary layer theory must be presented. 
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2.6. Boundary layer theory 
Boundary layer theory is connected with different aspects concerning the airfoil. The 
phenomena that appear at the point of maximum lift and are connected with the stall 
effect can be explained by the boundary layer theory. The flow around a body consists 
of two regions. The one is a thin layer near the vicinity of a body called boundary layer 
and the outer region where the flow can be represented as a potential flow. In the 
boundary layer region frictional forces play an important role. Boundary layer region 
can be under certain conditions detached from the surface of the body. This 
phenomenon is called separation and on streamlined bodies can cause increased drag 
and sudden decrease of lift.  
Friction forces that appear when a fluid flows on a body surface depends on a property 
called viscosity. Viscosity is the factor that connects the velocity gradient on a direction 
normal to the surface of a body and shear stress. Thickness δ of the boundary layer 
increases along the surface of the body and is defined by the point at the normal 
direction where the velocity is equal to the free stream velocity. The gradual increase 
of the thickness of the boundary layer is due to friction forces which retard the flow 
and create shear stress. The flow is reversed and particles separate from the flow. The 
separation of the boundary layer is directly connected to vortex generation and great 
energy losses.  
2.6.1. Laminar and turbulent layer 
The boundary layer appears in two different conditions, laminar and turbulent. In the 
laminar boundary layer no mass interchange between the two layers is presented. So, 
the shear that is produced is due to viscosity. On the contrary, in the turbulent 
boundary layer velocity fluctuations appear in the stream wise and normal direction 
and as a result there is transfer of momentum and mass between layers. So, the 
velocity profile changes with time. The change of momentum between layers creates 
stresses between them that change the velocity profile. 
If the pressure gradient is zero, in the laminar case the velocity is reduced for a 
significant part of the layer because viscosity is the only cause for a transfer of energy 
to the inner part of the layer. On the contrary, turbulent boundary layers present 
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higher values of velocity near the surface of a body because shear stresses transfer 
larger amounts of energy from the free stream to the region near the wall.  
2.6.2. Boundary layer thickness 
The boundary layer thickness is the distance from the wall, where the velocity equals 
99% of the velocity in the undistributed profile. The thickness of a boundary layer over 
a flat plat depends on the characteristics of the fluid, the distance from the leading 
edge and the conditions of the flow in the free stream. There are different definitions 
concerning the thickness of the boundary layer that present different information 
about this subject.  
Displacement thickness δ
*
 represents the increase of the cross section of a stream 
tube when the mass flow encounters with the boundary layer over a surface and based 
on continuity it can be expressed by the following equation: 
∗ = G  03V " 0?#OE2V         (2.29) 
Where ρU0 is the mass flow prior to the boundary layer and ρu is the decreased mass 
flow when the flow meets the boundary layer.  
Momentum thickness θ relates to the momentum flow rate in the boundary layer 
which decreases because of the appearance of the boundary layer. This appears 
because in the boundary layer the velocity near the wall is less than free stream 
velocity. It represents the distance that the surface should be displaced into the 
stream so that the actual flow momentum would be equal to the flow momentum 
when no boundary layer existed. It is expressed by the following equation: 
 = G Z ` Z1 " ` OE#2V         (2.30) 
Kinetic energy thickness δ
**
 is expressed as the momentum thickness by the following 
equation and connected with the defect of kinetic energy: 
∗∗ = G Z ` h1 " Z `
m OE#2V        (2.31) 
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2.6.3. Transition 
Transition point appears when the disturbances in the boundary layer grow and drive 
to a turbulent state. The appearance of the transition point depends strongly on the 
Reynolds number and is associated with an increase of the boundary layer thickness 
and shear stress. The disturbances in the boundary layer increase due to surface 
roughness, vibrations of the surface and turbulence in the free stream.  
Transition point is very important as after this point turbulence increases the 
resistance of the flow leading to separation and prolongs the acceleration of the fluid 
on a surface like the suction side of an airfoil. The movement of the transition point 
downstream on the suction surface of an airfoil reduces the vortices in the wake 
region and consequently reduces drag. So, the development of turbulence on the 
suction surface of an airfoil is favorable since it increases lift because laminar boundary 
layer cannot deliver high pressure values. On the other side, turbulence in the 
boundary layer increases skin friction.  
2.6.4. External pressure gradient 
External pressure gradient is a parameter that influences greatly the development of 
the boundary layer. When pressure decreases along the surface of a body, the profile 
of the boundary layer is full because pressure forces object to shear stresses so the 
curvature at the wall is positive as presented in Figure 2.15.  
 
Figure 2.15: Favorable pressure gradient (16) 
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On the other hand, when the pressure increases along the surface of a body an 
adverse pressure gradient appears because pressure forces act in favor of shear 
stresses. The velocity is reduced near the surface of the body and the boundary layer 
increases rapidly. If this adverse pressure gradient appears for a long period the flow 
may reverse its direction as presented in Figure 2.16. An indication of flow separation 
appears. 
 
Figure 2.16: Adverse pressure gradient (16) 
2.6.5. Boundary layer separation 
Boundary layer separation is very important for streamline bodies like airfoils since it 
increases drag and reduces lift rapidly. In an adverse pressure gradient the increase in 
pressure results to a decrease in velocity according to Bernoulli’s equation. So, a fluid 
element decelerates because of the increase in pressure in the vicinity of a body and 
combined with shear stresses it decelerates further. This phenomena results to a 
change in the velocity profile especially near the wall. The direction of the flow is 
changed and creates a flow circulation near the surface of the body. The more 
upstream the separation of the flow appears, the larger is the wake which the area 
where low pressure conditions appear which are responsible for lift. The effect of 
adverse pressure gradient is summarized in figure below.  
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Figure 2.17: Effect of adverse pressure gradient on the boundary layers (16) 
A detailed description of turbulent layer separation is presented in (17). In this study it 
is mentioned that a reverse of flow or a reduction of shear stress cannot justify 
completely the breakdown of the layer near the surface of a body. Only for steady time 
averaged two dimensional flows have the aforementioned conditions significant effect. 
In three dimensional flows, a separation of the boundary layer may occur without the 
minimization of shear stress.  
2.7. Effects of rotation on flow 
The rotation of wind turbine blades creates the following three-dimensional effects 
(18): 
• The airflow and so the dynamic pressure for different sections of the blade 
depends on the rotational velocity. The rotational velocity differs with the 
radius of the section. The span wise gradient of the dynamic pressure appears 
stronger near the suction peak.  
• The boundary layer and the separated flow field which rotate with the blade 
present a centrifugal load which forces them to larger span wise locations.  
• In stall conditions, the velocities in radial direction produced by the centrifugal 
forces require the Coriolis forces in order to stay attached on the trialing edge. 
This reduces the volume of the flow area under stall and creates an increased 
suction on the airfoil. 
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In a coordinate system which rotates with the blade, centrifugal loads act on all air 
segments of which the rotational velocity is Ωr. This results to an acceleration of the 
air towards larger locations in the radial direction. In a rotating coordinate system, a 
Coriolis force act on air that has a radial velocity and forces the air to the trailing edge 
which must be in equilibrium with the chord wise pressure gradient. If there isn’t a 
sufficient pressure gradient the air leaves the trailing edge. The mechanism described 
above moves the boundary layer outboard and attributes to a thicker and more stable 
layer than a non-rotating blade. In practice, stall phenomena on the leading edge are 
suppressed which is explained also by the large suction peaks on the leading edge. The 
magnitude of the peak pressure on the suction side is proportional to dynamic 
pressure so it increases with the square of the radial location. Concerning separated 
area, the effect of span wise dynamic pressure gradient and the pressure gradient on 
the chord wise direction create a mechanism that moves the separated area to larger 
radial locations and can overcome loads due to Coriolis forces. The above mechanism 
is called “centrifugal pumping”. The “centrifugal pumping” which appears in the 
separated region creates an additional negative pressure on the airfoil and shifts the 
separation point to the trailing edge. For the attached flow the dynamic pressure is 
proportional to the relative airflow of the specific section of the blade. This is true for 
r>R/λ. That means a radial location of 0,3R and larger for a tip speed ratio of 7, a 
typical value of most wind turbines. The pressure distribution on the blade is 
approximately 1/2ρΩ
2
r
2
 .That means that the radial pressure gradient is approximately 
ρΩ
2
r. So, the acceleration of air in the radial location will be approximately Ω
2
r.  
In study [19], the parameters that influence three dimensional effects are illustrated 
and a physical model of the boundary layer is presented. The parameters that trigger 
three dimensional effects are the radius by chord ratio r/c and the rotation parameter 
U∞/Ω which represents the ratio of wind to tangential velocity or the ratio between 
centrifugal and Coriolis forces. If the ratio U∞/Ω is less than one along the blade length 
and the blade is properly twisted, the flow is attached and is not affected by the three 
dimensional effects. When the blade operate with U∞/Ω>1, which usually appears at 
the inner part of the span, centrifugal forces are stronger than Coriolis forces. Coriolis 
forces create a spinning span wise flow in the separated area creating a chord wise 
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pressure gradient which delays stall. The centrifugal forces increase the total pressure 
in flow that reduces the negative pressure peak.  
 
Figure 5.1: Physical model for stalled blades (19) 
Concerning stall, the physical phenomena that govern for a rotating blade are 
presented in Figure 5.1. Near the root the axial wind speed is converted into a 
rotational flow with increased speed. This is mechanism that describes the starting 
point of the rotational effects. So, at the center of rotation the flow is like a rotating 
disk that forces the fluid over blades and reduces the large negative pressure near 
leading edge which approaches stall. The reduced adverse pressure gradient delays 
separation on the upper boundary layer. The flow near the nacelle depends greatly on 
r/c, while the Reynolds number affects the outboard separated flow. When a 
separation bubble occurs near the leading edge, the Coriolis force forces the bubble to 
radial direction. The separation bubble is growing and when its size is increased, it 
breaks down and forms a free-shear layer type separation. The mechanism for the mid 
span region is not known until now. It is believed that there is a limitation in the 
recovery of the amount of pressure in the turbulent shear layer and the Coriolis force, 
so the bubble bursts and the shear layer can’t reattach. With the increase of angle of 
attack, the bubble moves closer to the leading edge and is slightly reduced. So, it has 
no effect on the integrated loads. In study (20), a physical model explains the 
difference between 2D stall and 3D separation is mentioned. Radial flow is significant 
only in regions of strongly retarded flow. Such a region is the part of the blade where 
separation appears. Flow in the direction of increased radial locations which appear in 
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the suction side of the rotating blade results to Coriolis forces in the main flow 
direction, creating a favorable pressure gradient. The above mechanism decreases the 
displacement thickness of the separated boundary layer, leading to increase in lift 
coefficients. In studies (21; 22), it is investigated the effect of rotation of wind turbine 
blades on attached laminar and turbulent boundary layer. They suggest that 3D effects 
appear only in separated flow regions and no appreciable change in 2D results appear 
in the attached turbulent boundary layer.  
2.8. Navier-Stokes solvers and wind turbines 
There are different studies that deal with the evaluation of CFD models and their 
implementation to the study of airfoils and wind turbine blades. Since Navier-Stokes 
equations aren’t able to solve practical problems of wind turbines, turbulence modeling 
was implemented. The time averaging of Navier-Stokes equations is an approach to 
create turbulence models which are based on equations that are called Reynolds 
Averaged Navier-Stokes (RANS) equations. The most appropriate ones appear to be the 
k-ω SST model, the Spalart-Allmaras model and the Baldwin-Barth model (10).  
Computational fluid dynamics are used extensively not only because is a cost effective 
way to evaluate the performance of a wind turbine but also to illustrate different issues 
involved in the physical phenomena that appear when a wind turbine is used to extract 
power from the wind. There are many studies (23; 24; 25; 26; 27) that deal with the 2D 
investigation of the flow around an airfoil. In study (23) the performance of four 
turbulence models is evaluated. The models used are the Standard k-ε model, the Re-
Normalization Group (RNG) k-ε model, the transition SST model and the Reynolds 
Stress Model (RSM). The comparison was based on the values of lift and drag 
coefficients derived from the turbulence models and the validation of them with 
experimental one from literature. The results showed that the greatest deviations from 
experimental values appeared with the Standard k-ε model and the smallest one with the 
RSM. In study (24), the pressure distribution on the surface of an airfoil was studied 
using the commercial CFD program Ansys CFX and implementing the k-ω SST 
turbulence model. Results have shown good agreement with experimental one and with 
those using the analytical tool XFOIL. In study (25), the experimental results of an 
airfoil were compared with those using the Standard k-ε model and showed good 
agreement. Study (26) aimed to the validation of three turbulence models for the 
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evaluation of the 2D flow around an airfoil. The turbulence models that evaluated were 
the Spalart-Allmaras, the k-ω SST and the Realizable k-ε model. All three models 
showed good agreement with experimental values for angle of attack between -10  to 
10 . After stall angle the Spalart-Allmaras model showed good agreement with 
experimental values. Near stall, all three models showed significant deviation with 
experimental values. Study (27) deals with the evaluation of three turbulence models for 
an angle of attack of 15 . The three turbulence models used were the RNG k-ε, the 
Realizable k-ε model and the RSM. The turbulence models were evaluated on their 
performance to predict the separation that occurs on an airfoil for this angle of attack. 
The RSM predicts better the flow separation for this angle of attack as observed by the 
calculation of pressure coefficient distribution. 
In studies (1; 28) the 3D evaluation of a wind turbine performance is presented using 
CFD. In study (28) the performance of the Spalart-Allmaras model to predict the flow 
around a wind turbine blade is presented. The model is evaluated for an angle of attack 
of 5  which appears the maximum lift/drag ratio. Pressure and velocity distributions for 
different sections along the blade are illustrated and results are compared with 
experimental one. In study (1) a comparison between CFD and BEM results is 
performed. The CFD results using the k-ω SST turbulence model showed good 
agreement with those produced using the BEMT for wind velocities that indicate 
attached flow conditions. For stall conditions the use of RANS models is inefficient. 
Also, the produced power curve using CFD was compared with an experimental one. 
CFD results showed similar behavior with the experimental one while those derived 
from BEMT didn’t have the same trend.  
Based on the evaluation of turbulence model and their performance on the prediction of 
flow field around a wind turbine blade, two different turbulence models will be used in 
order to examine the aerodynamic performance of the airfoil concerning lift and drag 
coefficient for a wind speed of 11.48 m/sec and angle of attack between -10  and 20 . 
These two models are the Shear Stress Transport model and Omega Reynolds Stress 
model that are usually used in similar investigations (11; 18; 25). In the next chapters 
detail description of these models will be given. The results will be validated with 
experimental results that are available from the literature (8) which presents data from 
the investigation of an untwisted constant chord blade using NACA4415 airfoil in a 
wind tunnel. The data derived concerns aspect ratios of 6, 9, 12 to infinity and Reynolds 
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number of 0.5x10
6
 to 1x10
6
. The results for Reynolds number of 0.75 x10
6 
and aspect 
ratio infinity will be used to validate the results of the 2D investigation with the CFD 
code. 
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3. Two-dimensional CFD 
computations 
3.1. The software CFX 
ANSYS CFX is a CFD software that integrates a powerful solver with many pre and post 
processing capabilities. CFX has four software modules that use the required geometry 
and mesh in order to perform a complete CFD analysis. The components of CFX are 
illustrated in the following figure. 
 
Figure 3.1: CFX modules (29) 
In CFX-Pre there is the possibility to import multiple meshes, so the most appropriate 
mesh can be used for complex geometries. Flow physics, initial values, boundary 
conditions and solver parameters can be specified in the analysis.  
In CFX-Solver all the parameters that were set in CFX-pre are solved. It uses a coupled 
solver which is faster than traditional solvers and solution converges very fast.  
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CFX-Solver Manager manages and controls the tasks related to computational fluid 
dynamics. It’s primary functions are: 
• Specify the input files of CFX-Solver 
• Start/Stop the CFX-Solver 
• Monitor the progress 
• Setting up the solver for parallel simulation 
CFD-Post is a post processing tool that integrates the following features: 
• Quantitative post processing 
• Generation of report 
• User-defined variables 
• Generation of graphical objects 
3.2. Turbulence models 
The turbulence models used for the 2D CFD calculations were the Shear Stress 
Transport (SST), and the Omega-Based Reynolds Stress Model (RSM) which have been 
successfully applied as presented in the previous chapter. 
The k-ω SST turbulence model was introduced by Menter and combines the k-ω and k-
ε models. The k-ω model provides more accurate results in the near-wall region and 
the k-ε model in the far field. The SST k-ω model is similar with the standard k-ω model 
but has the following modifications: 
• The SST model activates the k-ω model near the wall region and the k-ε model 
in the far field by introducing a blending function. 
• Introduces a cross-diffusion derivative in the ω equation 
• There is a new definition of the turbulent viscosity in order to take into account 
the transport of the shear stress. 
• The constants are different 
The above provide more accurate results for a wider range of flows in airfoils. The 
equations used are the following:  
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
\  0# + I  0?w# = I h Im +  "  + a     (3.1) 

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M + M + aM   (3.2) 
Where: 
   is the generation of turbulence kinetic energy due to mean velocity 
gradients 
Gω  is the generation of ω 
Γk  and Γω  are the effective diffusivity of k and ω respectively 
Yk and Yω are the dissipation of k and ω due to turbulence 
Dω  is the cross-diffusion term 
Sk  and Sω are user-defined source terms  
The effective diffusivity for the SST k-ω model is given by the following equations: 
 = n + ][          (3.3) 
M = n + ][          (3.4) 
In equation (3.3) and (3.4) σk and σω are the turbulent Prandtl numbers and μt is the 
turbulent viscosity. Diffusivity is the rapid mixing that appears in turbulent flows. As a 
result heat transfer and flow resistance are increased.  
Turbulent viscosity is defined by the following equation: 
n\ = M *Io, ¡u         (3.5) 
The turbulent Prandtl numbers are expressed by the above equations: 
 = * ¢,s i #¢,          (3.6) 
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M = * ¢,s i #¢,          (3.7) 
The blending functions F1 and F2 are used to ensure that the user will select properly 
the k-ω and k-ε zones. The complexity of the model lies to the fact that the distance 
from the wall is needed for the blending functions. The solution is given by a Poisson 
equation.  
F1 equals to zero far from the wall, which corresponds to k-ε model and to one near 
the boundary layer, which corresponds to k-ω model.  
Blending functions are expressed by the following equations: 
* = tanh ¦§>< ¨>5E Z √V.VªM« , ¬VV]«M` , F[,­«®¯
F°     (3.8) 
 = tanh ¦§>5E o2 √V.VªM« , ¬VV]«Mu¯
°       (3.9) 
Where y is the distance from the surface and Dω
+
 is the positive term of cross diffusion. 
Dissipation parameters Yk and Yω which appear in equations 3.1 and 3.2 represent the 
amount of energy needed to preserve turbulent flow because turbulent dissipates by 
viscous shear stress and are described by the following equations: 
 = 0±∗          (3.10) 
M = 0±          (3.11) 
The Reynolds Stress Model (RSM) is the most advance and complicate turbulence 
model (26). The RSM model can give better results for complex flows since it takes into 
account streamline curvature, rotation and rapid change in strain rate in a detailed 
manner. Something that one and two-equation models are unable to do. Things that 
reduce the accuracy of the RSM model are the modeling of dissipation rate and 
pressure-strain.  
The equation related to RSM model is as follows: 
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The first term is the local time derivative of Reynolds stresses, the second term the 
convection Cij, the third turbulent diffusion DT,ij, the fourth molecular diffusion DL,ij, the 
fifth stress production Pij, the sixth buoyancy production Gij, the seventh pressure 
strain φij, the eighth dissipation εij, the ninth production by system rotation Fij and the 
tenth user-defined source term. DT,ij, Gij, φij and εij must be modeled in order to close 
the equations. The other terms don’t require modeling.  
3.3. Computational grid and domain 
For the CFD 2D computations a computational domain containing only a 2D cross 
section of the NACA4415 airfoil was created as shown in Figure 3.2. As it can be seen, 
special care was taken in order for the outside boundaries of the computational 
domain to be placed significantly far from the airfoil surface. The boundary conditions 
which were applied for the 2D CFD computations are shown in Figure 3.2.  
At the inlet of the computational domain the velocity components were provided, 
together with turbulence intensity. At the outlet of the computational domain, 
ambient static pressure was imposed. The ‘bottom’ and ‘top’ limits of the 
computational domain were given a translational periodic connection. By using such a 
combination of boundary conditions, it was possible to use the same computational 
grid and setup for varying angle of inlet velocity without having to recreate the 
computational grid.  
At the next step, the computational grid was created, as presented in Figure 3.3, taking 
into consideration the regions near the airfoil surface were significant flow variations 
are expected to be presented due to the boundary layer development and possible 
flow separations. In these regions, a much denser grid was created in order to resolute 
properly all phenomena of the flow field. 
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Figure 3.2: Computational domain and boundary conditions 
 
Figure 3.3: Computational grid 
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Typical views of the computational grid in these regions are presented in Figure 3.4. In 
addition, as both turbulence models which were about to be used (SST and RSM) are 
Low-Re models, it was necessary to ensure that the non-dimensional y+ value for the 
first computational node from wall surfaces was less than 1 (Figure 3.5). After some 
initial attempts, it was decided to proceed with a computational grid of approx. 
330,000 nodes.  
 
a) 
 
b) 
Figure 3.4 a) computational grid around the airfoil b) enlarged view on airfoil surface 
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a) 
 
b) 
Figure 3.5: y
+ 
values on the airfoil a) leading edge b) trailing edge 
3.4. CFD results and validation 
Using the aforementioned turbulence models the lift and drag coefficient for the 
selected airfoil were calculated. These coefficients were used in order to evaluate the 
performance of the airfoil because they are non-dimensional and results can be easily 
comparable with other computations or with experimental data.  
The parameters selected for the numerical simulation are illustrated in the following 
table.  
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Table 3.1: Parameters of simulations 
Reynolds number Re 750,000 
Air density ρ 1.185 kg/m 
Air dynamic viscosity μ 18.31*10
-6
 kg/(m*s) 
 
Based on the above values and using equation 3.13 the relative velocity W when air 
passes through the airfoil is calculated.  
47 = »R] 									         (3.13) 
Where l represents the airfoil’s chord length and is equal to 1 m. The computation 
gives a relative velocity W of 11,48m/s. 
Lift and drag forces derive from FX and FY forces that CFX calculates in post processing 
for each angle of attack: 
Q =  cos 5 " ¼ sin 5        (3.14) 
 =  sin 5 + ¼ cos 5        (3.15) 
The equations which are used for the calculation of lift and drag coefficient are as 
follows: 
R = V,¬»R									         (3.16) 
 = V,¬»R								         (3.17) 
The 2D computations were completed for an angle of attack a, between -10
o 
and 20
o
 
and lift and drag coefficients were calculated for both turbulence models. Lift and drag 
coefficients were also calculated using XFOIL module in QBLADE. The above 
calculations are illustrated in figure 3.6 and 3.7 and are compared with experimental 
data available from the literature (30).  
It can be seen from the results that the lift and drag coefficient of the two turbulence 
models as well as XFOIL calculations have the same shape with the experimental data. 
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Concerning the lift curve, the results of the SST turbulence model is close to the 
experimental values than the results of the RSM turbulence model and the calculations 
of the XFOIL. In the experimental results the value of lift coefficient increases until 
18  while in the two turbulence models the increase lasts until 16 . The same trend 
appears also with the XFOIL.  
 In the drag curve, the results of the SST turbulence model have the smallest deviation 
from the experimental results while the results of the XFOIL calculation varied greatly. 
 
Figure 3.6 Lift coefficient for various angles of attack 
The deviations which appear between the experimental data and CFD results are 
logical when using the turbulence models, the assumption that the flow is fully 
turbulent and no transition effects from laminar to turbulent flow is made. Also, during 
the experimental procedure (30), the infinite aspect ratio of the blade was ensured by 
a blade length of 2,13m and a chord length of 0,305m. The blade was supported only 
at one end which caused a certain amount of bending and twisting. The effects of 
these phenomena appeared stronger at high Re and Cl conditions and were not 
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corrected resulting to a finite rather than infinite aspect ratio which affects circulation 
and causes a decrease in lift and increase in drag.  
The difference which occurs between XFOIL and experimental values appears because 
XFOIL actually uses inviscid flow for the calculations. The calculation of the separation 
regions is limited and drag derives from the wake momentum thickness far 
downstream. This calculation may include an error since it includes any momentum 
thickness change because of acceleration of the wake with respect to free-stream 
conditions (31). If lift is calculated, then the wake trajectory for a viscous solution is 
taken from an inviscid solution at the specified lift. This is not strictly correct, since 
viscous effects decrease lift and change the trajectory.  
 
Figure 3.7: Drag coefficients for various angles of attack 
Lift is present if the flow appears a circulation such as a spinning cylinder. An airfoil is 
actually a spinning cylinder, though a non-rotating body, because it has a sharp trailing 
edge. The phenomenon described above is called Magnus effect (4). The circulation of 
flow around a body creates a decrease in static pressure on the upper part and an 
increase in static pressure on the lower part. In Figure 3.8 the contours of static 
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pressure with SST model for different angles of attack are presented. It is evident that 
the pressure on the lower surface of the airfoil is greater than the pressure of the 
incoming flow field for positive angles of attack. Conversely, there is a decrease in 
static pressure above the airfoil; in fact, there is suction on the upper part of the 
airfoil. This phenomenon creates an upward force normal to the incoming flow. So, an 
airfoil works like a spinning cylinder because of its sharp trailing edge. As the angle of 
attack increases, the circulation of the flow also increases, creating greater pressure on 
the lower surface and greater decrease of the pressure on the upper surface. As a 
result lift force increases. On the other hand, for negative angles of attack the pressure 
is increased on the upper surface and is decreased on the lower surface, indicating 
that the lift force points downwards. For zero angle of attack, there is also a pressure 
reduction because of the curved chord line of the airfoil, creating lift. 
 
Figure 3.8a: Contours of static pressure of NACA4415 airfoil for angle of attack 0  with 
SST model. 
Pressure distribution parallel to the flow appears asymmetric, the reason is that the 
fluid isn’t able to remain attached on the body boundaries but separates from it. 
Separation, which appears downstream, creates lower pressure than upstream where 
the pressure is higher. Since airfoils become narrower as we move downstream, a 
smaller pressure gradient appear than in other bodies and it delays separation until 
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fluid reaches the trailing edge. This phenomenon reduces drag which appears primarily 
due to skin friction.  
 
Figure 3.8b: Contours of static pressure of NACA4415 airfoil for angle of attack -2  with 
SST model. 
 
Figure 3.8c: Contours of static pressure of NACA4415 airfoil for angle of attack 10  with 
SST model. 
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Figure 3.8d: Contours of static pressure of NACA4415 airfoil for angle of attack 16  with 
SST model. 
 
 
Figure 3.8e: Contours of static pressure of NACA4415 airfoil for angle of attack 20  with 
SST model. 
The velocity distribution around the airfoil gives us an indication of the flow field 
around the airfoil. Figure 3.9 illustrates a large gradient of velocity around the leading 
edge which indicates that the front part of the airfoil accelerates the fluid. The suction 
surface of the airfoil, as presented in Figure 3.8, illustrates a larger velocity gradient 
than pressure surface for positive angles of attack. When the angle of attack is 
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negative the velocity gradient of the suction surface, which is the lower surface of the 
airfoil this time, is larger than the one of the upper side, which represents the pressure 
surface. When the positive angle of attack is increased the velocity of the suction side 
is decelerated and the velocity of the pressure side is accelerated. The above confirm 
the pressure distribution around the airfoil as presented in Figure 3.8. On the pressure 
side of the airfoil the pressure is decreasing along the airfoil creating a favorable 
pressure gradient. On the suction side the pressure is increasing along the airfoil 
creating an unfavorable, adverse pressure gradient. Pressure forces along the flow 
stream decelerate the flow near the surface of the airfoil and increase the boundary 
layer. This can cause the flow to reverse direction, indicating that the flow starts to 
separate from the surface. These phenomena will be discussed later. 
 
Figure 3.9a: Velocity distribution of NACA4415 airfoil for angle of attack 0  with SST 
model. 
Another important parameter which explains the performance of the airfoil is the 
distribution of pressure coefficient. The distribution of pressure coefficient for 
different angles of attack is presented in Figure 3.11. When the angle of attack is more 
than zero, the pressure coefficient of the upper surface of the airfoil is negative and 
the pressure coefficient of the lower surface is positive. This result to a lift force 
pointed up. On the contrary, when the angle of attack is negative the pressure 
coefficient of the upper and lower surface changes sign resulting to a lift force pointing 
down. When the angle of attack is zero there is a difference between the pressure 
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coefficient of the upper and lower surface of the airfoil because of the cambered 
chord. Pressure coefficient curves presented in Figure 3.11 illustrate that the 
difference between upper and lower surface is greater near the leading edge. This 
means that the lift force of the airfoil appears mainly near the leading edge. If we sum 
pressure contributions over the entire surface we can calculate the lift force. In other 
words, the lift coefficient equals to the area created by the pressure coefficient, as 
presented in Figure 3.11.  
 
Figure 3.9b: Velocity distribution of NACA4415 airfoil for angle of attack -2  with SST 
model. 
 
Figure 3.9c: Velocity distribution of NACA4415 airfoil for angle of attack 10  with SST 
model. 
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Figure 3.9d: Velocity distribution of NACA4415 airfoil for angle of attack 16  with SST 
model. 
 
Figure 3.9e: Velocity distribution of NACA4415 airfoil for angle of attack 20  with SST 
model. 
 
The area created by the pressure coefficient is increased with the increase of the angle 
of attack meaning that the lift coefficient is increased. This trend is reversed for a 
16  angle of attack where the plotted area is less than the one for 14 . In order to 
explain the values of pressure coefficient cp that have been calculated along the 
surface of the airfoil, we must present the equation that describes it: 
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: = J           (3.18) 
Where: 
p pressure where the pressure coefficient is calculated 
p∞ pressure in the free stream 
ρ fluid density 
U∞ free stream velocity 
The denominator of the above equation represents dynamic pressure.  
Using Bernoulli’s equation pressure coefficient for incompressible flow can be further 
expressed as: 
: = 1 " Z `

         (3.19) 
 
Figure 3.10: Stagnation point on the leading edge for angle of attack 0 . 
When pressure coefficient is zero, it means that the pressure is the same as the free 
stream pressure. A value of one indicates that this point is a stagnation point. That 
means that local velocity at this point is zero. The stagnation point for zero angle of 
attack is presented in Figure 3.10. If we subtract free stream pressure from stagnation 
pressure we get dynamic pressure. Pressure coefficient around the airfoil doesn’t 
exceed the value of one because the highest pressure that is possible to be achieved is 
the stagnation pressure. As the angle of attack increases, the pressure on the suction 
side increases close to the leading edge and decreases near the trailing edge. This 
tendency creates gradually a uniform pressure distribution which indicates a 
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separating region. On the other hand, the pressure on the pressure side decreases 
gradually from the leading to the trailing edge. This suggests a favorable pressure 
gradient which helps the flow to remain attached.  
 
Figure 3.11a: Distribution of pressure coefficient of NACA4415 airfoil for angle of 
attack 0  with SST model. 
 
Figure 3.11b: Distribution of pressure coefficient of NACA4415 airfoil for angle of 
attack -2  with SST model. 
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Figure 3.11c: Distribution of pressure coefficient of NACA4415 airfoil for angle of 
attack 10  with SST model. 
 
Figure 3.11d: Distribution of pressure coefficient of NACA4415 airfoil for angle of 
attack 16  with SST model. 
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Figure 3.11e: Distribution of pressure coefficient of NACA4415 airfoil for angle of 
attack 20  with SST model. 
A comparison between the pressure coefficient computed by CFX post processing 
using SST model and the one calculated by XFOIL provides with interesting conclusions. 
In Figure 3.11 the distribution of pressure coefficient along the airfoil for angle of 
attack 0, 6 and 12 degrees is presented. In all three cases the area of the cp curve using 
XFOIL is greater than the one calculated using the SST model. This means that the lift 
force computed by XFOIL is greater than the one calculated using the SST model. The 
results presented in Figure 3.12 agree with the values of the lift coefficient presented 
in Figure 3.6. An explanation for this is the fact that the XFOIL doesn’t assume that the 
flow is fully turbulent as the SST model but it calculates the laminar boundary layer, 
transition point and turbulence boundary layer. XFOIL uses the e
N
 method in order to 
detect the transition point coupled with viscous/inviscid panel methods (27). The 
transition point is between the laminar separation point and the point where flow is 
reattached as turbulent. The points of laminar separation, transition and reattachment 
are located in the region of the curve where a disruption of its smoothness appears.  
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Figure 3.12a: Pressure coefficient distribution for angle of attack 0 . Comparison 
between XFOIL and SST model. 
 
Figure 3.12b: Pressure coefficient distribution for angle of attack 6 . Comparison 
between XFOIL and SST model. 
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Figure 3.12c: Pressure coefficient distribution for angle of attack 12 . Comparison 
between XFOIL and SST model. 
The velocity distribution in the trailing edge for different angles of attack is presented 
in Figure 3.13. In Figure 3.13a the velocity distribution in the trailing edge for angle of 
attack 0  is presented. The difference of the velocity distribution between the suction 
and pressure side of the airfoil is due to the cambered chord line of the airfoil. The 
flow is attached until the end of the trailing edge. Though, the velocity on the suction 
side is smaller than the one on the pressure side because of the unfavorable pressure 
gradient on the suction side of the airfoil.  
The velocity distribution for an angle of attack of 6  is illustrated in Figure 3.13b. The 
suction on the upper part of the airfoil is increased as presented above, thus reducing 
further the velocity on the upper surface of the airfoil. Though the velocity is 
decreased, it is still positive. This indicates that the flow is still attached on the surface 
of the airfoil. On the contrary, the velocity on the pressure side of the airfoil is 
increased indicating a favorable decreasing pressure along the lower surface.  
When the angle of attack is increased further the pressure is increased along the wall. 
The flow decelerates even more on the upper part of the airfoil and separation occurs 
as presented in Figure 3.13c. Based on the Bernoulli’s equation, an increasing pressure 
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along the airfoil tends to decelerate the fluid and together with the viscous shears 
acting on a more profound way near the wall of the airfoil results in the change of the 
profile of velocity. 
 
Figure 3.13a: Velocity distribution for angle of attack 0  SST model 
Based on continuity, after the separation point the boundary layer increases rapidly. 
The direction of the flow is reversed and a circulatory flow near the surface is created. 
The wake thickness is increased which results in a decrease of the expected pressure 
raise in the trailing edge.  
 
Figure 3.13b: Velocity distribution for angle of attack 6  SST model 
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Figure 3.13c: Velocity distribution for angle of attack 16  SST model 
As presented in Figure 3.13c, separation occurs near the leading edge for large angles 
of attack. A large wake is created which reduces the low pressure downstream of the 
leading edge which creates lift. The lift force is decreased and the drag force is 
increased rapidly. 
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4. Three dimensional modeling 
4.1. Blade Element Momentum Theory 
The method used for the design of the blade was Blade Element Momentum. Design 
tools that are used in the wind turbines industry, incorporate this method that 
originates from the aircraft industry with various modifications since the flow field 
around a wind turbine is far more complex than the one in aircraft aerodynamics. The 
main advantage of the BEM method is the fact that it needs little time for the 
computations contrary to other methods like CFD that are usually used in a research 
environment. So, it is very easy to develop different designs of the rotor creating a 
preliminary design which can be evaluated later using other methods like CFD (1).  
The main assumption of the BEMT is that the circulation of the flow around blades is 
uniform. That means that there isn’t any radial interaction between flows of annular 
rings. So, there isn’t any momentum exchange which means that the axial induction 
factor remains constant radially. Though this assumption isn’t true in real conditions, it 
is acceptable (4).  
The axial aerodynamic force on N blade elements is expressed by the following 
equation: 
Q cosX +  sinX = *0½¾%  cosX +  sinX#d    (4.1) 
The rate of change of air’s axial momentum is as follows: 
032 1 " #2¿dd232 = 4¿032  1 " #dd     (4.2) 
The drop in wake pressure equals to the increase in dynamic head and expressed by 
the equation: 
*
0 25bΩd#          (4.3) 
So, the axial force on the annulus is expressed as follows: 
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*
0 25bΩd#2¿dd         (4.4) 
Thus: 
*
0½¾:  cosX +  sinX#d = 4¿0À32  1 " # +  5bΩd#Ádd  (4.5) 
Simplifying: 
»
 ¾    cosX +  sinX# = 8¿  1 " # +  bn##n    (4.6) 
The element of axial rotor torque created by aerodynamic forces on the elements of 
the blade is expressed by the above equation: 
 Q sinX "  cosX#d = *0½¾:  sinÃ "  cosX#dd   (4.7) 
The rate of change of angular momentum is: 
032 1 " #Ωd2bd2¿dd = 4¿032 Ωd#b 1 " #dd    (4.8) 
From equations (4.7) and (4.8) the following equation derives: 
*
0½¾:  sinÃ "  cosX#dd = 4¿032 Ωd#b 1 " #dd   (4.9) 
Simplifying: 
»
 ¾    sinÃ "  cosX# = 8¿nb 1 " #     (4.10) 
Where  
n = 	           (4.11) 
If we set: 
I =  cosX +  sinX        (4.12) 
« =  sinÃ "  cosX        (4.13) 
Solving equations (4.6) and (4.9), equations (4.14) and (4.15) derive. Using these 
equations we calculate the flow induction factors α and α’ by an iterative process.  
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'
*J' = [lF z{|x o I# " [lFcw^x «u      (4.14) 
'
*s'K = [l%ÄF z{|x }~zx         (4.15) 
Chord solidity σr is expressed by the following equation: 
	 = 
]           (4.16) 
4.2.  Blade design 
The design of the blade was done using the BEM software called QBLADE .Using XFOIL 
that is incorporated in QBLADE the selected NACA4415 airfoil is designed. The polar 
created for an angle of attack between -5
o
 to 20
o
 can be extrapolated to 360
o
 by the 
extrapolation submodule in order to simulate a rotor blade. In the Blade design and 
extrapolation submodule the rotor is created. The blade consists of sections defined by 
their position, chord, twist, airfoil and the relevant 360
o
 polar. The blade is designed 
and optimized using thirty sections. Its length is selected as 2m and the hub radius 
0,2m. In order to optimize blade geometry we select a tip speed ratio λ=7 for the 
whole blade length. The twist angle is optimized for the highest lift/drag ratio and the 
chord distribution is optimized according to Betz: 
: d# = *+ª v%Åt *Ztlk`sÆÇ        (4.17) 
The program allows the user to export the coordinates for each section in “.txt” file 
type. The files can be imported in any design program like Inventor and using the loft 
technique, sections are connected to each other. The design of the blade that is 
produced by this technique is illustrated in Figure 4.1. 
The parameters of the blade for each section are presented in the table below. 
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Table 4.1: Parameters for blade design 
X(mm) X/R Chord(mm) Twist angle(deg) 
0 0.00 200 0 
28 0.01 200 0 
56 0.03 200 0 
113 0.06 376 20,66 
169 0.09 318 16,43 
226 0.11 276 13,07 
282 0.14 244 10,36 
339 0.17 218 8,14 
395 0.20 197 6,29 
452 0.23 180 4,73 
565 0.28 154 2,24 
678 0.34 134 0,36 
791 0.40 119 -1,12 
904 0.45 107 -2,30 
960 0.48 101 -2,82 
1017 0.51 97 -3,28 
1073 0.54 92 -3,70 
1130 0.57 88 -4,09 
1243 0.63 81 -4,78 
1300 0.65 78 -5,09 
1356 0.68 76 -5,37 
1469 0.74 70 -5,88 
1525 0.77 68 -6,11 
1582 0.80 66 -6,33 
1638 0.82 64 -6,53 
1695 0.85 62 -6,72 
1751 0.88 60 -6,90 
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1808 0.91 59 -7,07 
1898 0.95 56 -7,33 
1988 1.00 54 -7,56 
The first three sections of the blade represent the connection of the blade to the hub. 
A cylindrical connection is selected. This solution is the classical one which is used for 
many years since it is believed that the part of the blade near the hub contributes less 
to the amount of power produced and solves structural problems near the blade root. 
The innovative approach presents an increased chord and twist angle distribution to 
the hub. The innovative approach was investigated using three aerodynamic methods, 
i.e. the BEM, the Actuator Disc method and a full 3D Navier-Stokes method (32). 
 
Figure 4.1: Isometric view of the blade design. 
The blade tip is rectangular, a design configuration which is widely used by the wind 
industry and refers to the BEM method. The flow around the blade tip is 3-D and often 
lead to separation (1). The BEM method can’t solve a flow field complex like this and 
the use of CFD technics is needed. Study (33) investigates three different designs and 
evaluates their performance.  
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5. Three dimensional CFD 
computations 
5.1. Rotating reference frame modeling 
The equations which are used to solve the flow of a fluid are solved in an inertial 
reference frame. However, there are many cases in which the equations must be 
solved in a non-inertial reference frame. One of these cases is the rotor of a wind 
turbine. In such a case a moving reference frame can be used so that the problem will 
be deled as a steady state one with respect to this frame. If a moving reference frame 
is used, the modified equations of motion use acceleration terms because of the 
transformation. When these equations are solved in a steady state the flow pattern 
around the rotating part can be modeled.  
5.2. Computational grid and domain 
For the CFD 3D computations a computational domain containing a sector of 120  was 
created as shown in Figure 5.2. Similarly to the 2D approach, special care was provided 
so that the outside boundaries of the computational domain were placed significantly 
far from the wind turbine surface. The boundary conditions which were applied for the 
3D CFD computations are shown in Figure 5.3. At the inlet of the computational 
domain the velocity components were provided (at the stationary frame of motion), 
together with turbulence intensity. At the outlet of the computational domain, 
ambient static pressure was imposed. The side boundaries of the computational 
domain were given a rotational periodic connection of 120  
 
in order to incorporate the 
effect of the presence of the three wind turbine blades. At the wind turbine surface, a 
non-slip wall boundary condition was applied since the computations were performed 
in a rotating frame of motion, in relation to which the wind turbine surface is 
considered stationary. Finally, at the outside cylindrical surface of the computational 
domain undisturbed flow velocity condition was prescribed.  
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a) 
 
b) 
Figure 5.2: a) 3D Computational domain containing a sector of 120
o
 b) Outside 
boundaries  
x 
d/2 
4.5d 
4.5x 24x 
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a) 
 
b) 
Figure 5.3: Boundary conditions for the 3D CFD computations a) Orange: Inlet and 
Yellow: undisturbed flow velocity condition b) Green: Periodic connections with 
rotational periodicity, Blue: Outlet and Red: Wind turbine wall surfaces 
At the next step, the computational grid was created, as presented in Figure 5.4, taking 
into consideration the regions near the wind turbine surface where significant flow 
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variations are expected due to the boundary layer development and possible flow 
separations. For these regions, a denser grid was used so as to properly solve all flow 
field phenomena.  
 
a) 
 
b) 
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c) 
Figure 5.4: Computational grid on a and c) wind turbine surface b) section along the 
blade  
Since the 3D CFD computations were decided to be performed with the SST Low-Re 
model, it was necessary to ensure that the non-dimensional y+ value for the first 
computational node from wall surfaces was less than 1. For this reason, grid inflation 
was applied on the computational cells on the wind turbine surfaces. After some 
attempts, it was decided to proceed with a computational grid of approx. 1,3 million 
nodes.  
5.3. CFD calculations and evaluation 
In order to evaluate the performance of the wind turbine we have to determine its 
orientation in the flow field. Since the twist angle of the blade was optimized, based on 
the BEM theory, for the maximum value of the glide ratio, it means that we have to 
find the angle of attack for which the ratio of lift to drag coefficient is maximized. In 
Figure 5.5 the ratio of lift to drag coefficient for different angles of attack is presented. 
It is clear that the maximum value appears for an angle of attack  of 6 . The wind 
velocity is selected as 7.6m/sec and the rotational speed of the blade 4 rad/sec.  
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In order to evaluate the performance of the wind turbine we consider four cross 
sections from root to tip. The distances of those cross sections are shown in Figure 5.6. 
In each cross section the velocity distribution, the contours of static pressure and the 
pressure coefficient will be illustrated.  
 
Figure 5.5: Lift to drag ratio for different angles of attack using the SST model. 
 
Figure 5.6: Cross sections along the blade 
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In Figure 5.7 the contours of static pressure for four different sections along the blade 
are presented. It is obvious that peak pressures which appear in the pressure gradient 
increase with the increase of the distance from the center of rotation. There is an 
obvious adverse pressure gradient on the upper part of the airfoil while on the lower 
part there is a favorable decreasing pressure.  
 
Figure 5.7a: Contours of static pressure of a cross section 0.65m distance from the 
center of the nacelle. 
 
Figure 5.7b: Contours of static pressure of a cross section 1.15m distance from the 
center of the nacelle. 
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Figure 5.7c: Contours of static pressure of a cross section 1.65m distance from the 
center of the nacelle. 
 
Figure 5.7d: Contours of static pressure of a cross section 2.15m distance from the 
center of the nacelle. 
Velocity distributions for four different sections along the blade are presented in 
Figure 5.8. The distributions of velocity along the blade length indicate that the flow is 
fully attached. The velocity increases with the increase of the section’s radius. That 
explains the increase of the pressure towards the tip, as illustrated in Figure 5.7. Since 
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the flow is fully attached along the blade length, we expect to find similar results 
concerning the pressure coefficient for the four sections along the blade.  
 
Figure 5.8a: Velocity distribution for a sectional view of the blade 0.65m from the 
center of rotation. 
 
Figure 5.8b: Velocity distribution for a sectional view of the blade 1.15m from the 
center of rotation. 
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Figure 5.8c: Velocity distribution for a sectional view of the blade 1.65m from the 
center of rotation. 
 
Figure 5.58d: Velocity distribution for a sectional view of the blade 2.15m from the 
center of rotation. 
In Figure 5.9 we compare the pressure coefficient for the four sections of the rotating 
blade with results from XFOIL and 2D investigation using CFX. It is clear that in sections 
of 0.65m, 1.15m and 1.65m the pressure coefficient distribution is identical with the 
results of the 2D evaluations of the flow around the airfoil. The conclusions agree with 
those from literature (21; 22) which come to the conclusion that 3D effects appear 
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only in separation regions and no significant change between 2D results and those of a 
rotating blade occur in the attached flow turbulent boundary layer. 
 
Figure 5.9a: Pressure coefficient for rotating blade in section 0.65m from hub and 
angle of attack 6  
 
Figure 5.9b: Pressure coefficient for rotating blade in section 1.15m from hub and 
angle of attack 6  
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Figure 5.9c: Pressure coefficient for rotating blade in section 1.65m from hub and 
angle of attack 6  
 
Figure 5.9d: Pressure coefficient for rotating blade in section 2.15m from hub and 
angle of attack 6  
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In section 2.15 m from the hub, the difference between the 2D and 3D results in higher 
deviation. The section of 2.15 m is very close to the tip region. The results agree with 
literature (34). The difference is due to induced effects directly linked with the 
formation of the tip vortex. The reduced area included in the 3D pressure coefficient 
indicates a lower value of the lift force.  
In order to evaluate the performance of the wind turbine, the power coefficient must 
be calculated. According to equation 2.4 the power coefficient is the ratio of power 
extracted by to wind turbine to the available energy of the wind.  
The following equation gives the power produced as a relationship of torque produced 
and rotational speed: 
È = 2¿É          (5.1) 
Where: 
Ω= 4 rad/sec 
The torque produced by the blade is calculated by Ansys post-processing calculator 
where: 
T=21.86 Nm 
So, from equation 5.1: 
P=549.4 W 
The available energy of the wind as expressed in equation 5.1 is: 
*
01$32Ê = 3894	½         (5.2) 
Where: 
ρ=1.185Kg/m 
d=2.18846m 
1$ = ¿O = 15.046	>        (5.3) 
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U∞=7.58 m/sec 
The amount of power calculated by equation 5.2 is referred to the whole turbine. Since 
the extracted power of the turbine refers to one blade we use one third of the power 
computed in order to calculate power coefficient.  
 = 	  = 0.42        (5.4) 
 
Figure 5.10: Power coefficient based on BEMT and CFD calculation. 
In Figure 5.10 the result of the CFD calculation is compared with the value of pressure 
coefficient for various tip speed ratios using the Blade Element Momentum Theory. 
The graph was produced using Qblade. It is obvious that Blade Element Momentum 
Theory overestimate the power produced by a wind turbine. The results agree with 
literature (1; 34) where the results of CFD calculations are compared with those from 
BEM theory for various tip speed ratios.  
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Conclusions 
The aim of this study was to investigate the flow field around a wind turbine blade 
with the contribution of CFD simulation. Based on an extended review of literature 
dealing with the implementation of CFD-RANS equations for the study of the flow field 
around a wind turbine blade, two turbulence models were selected. The more 
significant conclusions are presented below. 
• The capability of turbulence models to simulate the flow around an airfoil in 
the pro stall region was verified. Also, the point where stall begins can be 
satisfactory predicted using CFD. The SST turbulence model has presented 
better results than the RSM when compared and validated with experimental 
data from the literature (30).  
• A thorough investigation of the flow field around an airfoil was presented using 
CFD post processing. Velocity and pressure distributions around an airfoil were 
illustrated giving a physical description of the problem.  
• Pressure distribution around an airfoil was presented using pressure coefficient 
and a comparison with the results of the analytical tool was conducted. The 
results confirm the overestimation of lift force when the analytical tool was 
used and the better approach of the CFD simulation. 
• An analysis of the flow field of a rotating blade was discussed and the 
distribution of pressure and velocity for four sections along the blade was 
illustrated. As a first approach to the behavior of the rotating flow field, the 
angle of attack that results to maximum lift to drag ratio was selected. Since no 
separation was expected for the selected conditions, the pressure coefficient 
distribution along the airfoil for the three sections that were located away from 
the root and tip of the blade perform the same as the 2D approach.  
• An analysis of the flow field near the tip of the blade was presented. The 
pressure coefficient presented significant difference with the one of the 2D 
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investigation due to the formation of vortex in this region. The results agree 
with literature (34).  
• The power extracted from the wind for the selected conditions was calculated. 
A comparison with the values produced from the implementation of BEMT was 
achieved. The results show that the BEMT overestimates peak power.  
The above study paves the way for a more comprehensive approach to the 
investigation of the flow field of a wind turbine blade using CFD simulation. The study 
may be extended further at the following points: 
• The 3D simulation may be extended in order to design the complete power 
curve of the blade using CFD. 
• A more advanced examination is needed in order to investigate the flow field 
near the root and tip region. 
• A design of a blade that could be correlated with experimental results, would 
give a better validation of the 3D simulation. 
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